A classical case-control study is a powerful and cost-efficient ap-
Introduction
The detection of the genetic basis of complex human diseases is one of the next big goals in human genetic research. The genetic fraction for most monogenic disorders has already been identified. But the detection of the underlying causes for complex diseases remains a challenge. For many common diseases, like heart attack, stroke or cancer, many different genes as well as environmental factors play a role in the development of these diseases. Case-control-studies are efficient tools to assess association between variants in candidate genes and a disease. A group of affected patients (= cases) is compared to a group of unaffected controls. If the frequency of a specific allele or genotype in the cases is higher or lower than expected by chance, an association is detected. One strength of genetic case-control-studies lies in the fact, that specimens, which have been collected in one survey, can be used as controls to study a variety of gene-disease associations. For example, blood samples from the KORA Survey S4 (1999/2001) are used as controls for different case groups that were collected in different studies and even different regions of Germany. In recent years, though, candidate gene association studies have produced inconsistent results. One explanation for the lack of replication can be found in the possible effect of population stratification [1, 2] . Population stratification occurs, when the population of interest is not homogeneous with respect to allele frequencies, but consists of subgroups, that have different allele frequencies for a gene on the chromosomal region of interest (Fig. 1) . If these subgroups also have different frequencies of a true risk factor, then subgroup membership is a confounder. Not accounting for this confounding factor in the matching procedure of cases and controls, may lead to spurious findings. One popular example for the effect of population stratification is the following [3] : An association can be found between the A1 allele at the HLA-A locus and the ability of eating with chopsticks. But this association would emerge as a statistical artefact if the origins of the study participants were considered. Asian and Caucasian populations differ in frequencies of the A1 allele and also differ in the ability of eating with chopsticks. Thus, there is no association with the allele, but with geographical origin and cultural affiliation. Such strong differentiations are mostly detected, but a weak population substructure may be cryptic and needs some adjustment on a genetic basis.
In recent years, the methods proposed for "Genomic Control" (GC) [4, 5] and "Structured Association" (SA) [6] have been developed to identify such cryptic population stratifications and to correct for it in association analyses. For example, the GC-methods have been tested on three US-case-control studies and one from Poland [7] . In the US-Afro-American population, there was a slight indication of stratification. However, it could be eliminated after exclusion of persons, whose parents and grand-parents were not born in the USA. This finding may indicate, that a thorough selection of cases and controls may be sufficient to exclude spurious findings due to population stratification. For Germany, there is little empirical evidence on population substructure and admixture, yet. Although, according to Cavalli-Sforza et al. [8] there is an a priori expectation of some genetic differentiation along a north-south gradient within Germany. If case and control groups are collected in different regions, this fact may become a confounding factor. Then, genetic differences found between case and control groups could be due to population stratification. Data from the KORA survey S4 and two northern German studies (SHIP, Greifswald, and POPGEN, Schleswig-Holstein) are used to assess the extent of population stratification in Germany (German Genomic Control Study).
KORA samples are also used in the European LD-study [9] . The aim of this study is to compare the genetic patterns in several distinct European populations and to evaluate the transferability of genetic information among populations in relevance to association studies.
German Genomic Control Study
In the German Genomic Control Study, the allele and genotype frequencies of three regional German populations are compared (see Fig. 2 ): KORA S4 survey from Augsburg, SHIP ("Study of health in Pomerania") from Greifswald (Pomerania), and POP-GEN (Population Genetic Cohort), conducted in Kiel and sorrounding counties (Schleswig-Holstein). Sub-samples of about 720 persons have been drawn randomly in each cohort and 210 Single-Nucleotide-Polymorphisms (SNPs) have been genotyped. SNPs are variations on single base pairs in the genomic sequence and can be found approximately at every 300th base pair. 140 SNPs out of the 210 selected SNPs were chosen out of the nonfunctional region of the genome, the so-called genomic desert. These loci are presumed to be not under selection and thus, they are only subject to neutral processes of drift and migration in demographic history. The other 70 SNPs were chosen out of inSchlüsselwörter Populationsstratifikation · "Genomic Control" · "Structured Association" · Kopplungsungleichgewicht · "tagSNPs" Key words Population stratification · genomic control · structured association · linkage disequilibrium · tagSNPs Fig. 1 Schematic model for population stratification: If the study population is divided into subgroups, which differ in frequencies of genotypes and risk factors of disease (full arrows), the subgroup acts as confounding factor (dotted arrow). The association of interest (dashed line) between genotype and disease is biased. (see [16] ). tragenic regions. All SNPs are uniformly dispersed throughout the genome and have moderate allele frequencies. After the selection process, these SNP loci have been used for the Genomic Control (GC) and Structured Association (SA) methods. Both methods are based on the idea, that population substructure does not only affect the candidate genes, but can be seen across the whole genome. Alleles that are not associated with the disease or candidate genes can be used to estimate the effect of population stratification in the sample and to identify the underlying subgroups. In the method of Genomic Control, for example, a factor is estimated, which is used for the appropriate correction of results derived from case-control association analyses. The genotyping for this study and the quality management is still in progress. First results will be made publicly available in 2005.
European LD-Study
The LD pattern is critical for association studies, in which disease causing variants are identified by allelic association with adjacent markers.
Consider several SNPs in a defined region on one chromosome. It seems obvious, that the probability, that neighboring SNP alleles are inherited together is higher than for SNPs that are further apart. This pairwise association between alleles at two different loci is referred as linkage disequilibrium (LD). LD measures, such as D' or r 2 , range from 0 (= no disequilibrium, no association between SNPs) to 1 (= complete LD, association between SNPs). Although LD patterns are rather unpredictable and cannot be inferred simply by distance between the SNPs, there are certain structures of LD in the human genome. It has been shown, that the human genome can be partitioned into blocks of high LD, also called haplotype blocks [10, 11] . These blocks are separated by regions, in which recombination has occurred more often. Within these recombination hot spots, LD is rather low. Understanding the LD patterns and thus the distribution of haplotype blocks in the human genome is crucial for further association studies [12] . For example, consider a genomic region with 31 SNPs (Fig. 3) . This region might be structured by the pattern of high and low LD into 3 haplotype blocks. In the first haplotype block, 7 SNPs could be found, that are in complete LD. That means that they are correlated and information of one SNP is sufficient to infer the information on the others. The second block shows 11 SNPs, that can be reduced to 3 SNPs without loosing much information and so on. Those highly informative SNPs are called tagSNPs or tagging SNPs. Thus, genotyping ressources and costs can be substantially reduced by genotyping only the tagSNPs. In recent years, several groups have been working on the installation of a haplotype map of the human genome. Popu- Fig. 2 Study populations of the Germany study on Genomic Controls (GC) (highlighted): KORA, SHIP and POPGEN (each n = 720) and of the European Study on Linkage Disequilibrium (LD): KORA (n = 170), SHIP (n = 100), POPGEN (n = 160), samples from Estonia (n = 170), South Tyrol (n = 170), Ladinia (n = 160), Brisighella (n = 98) and Calabria (n = 100); the circle represents the emigration region of the HapMap CEPH trios (n = 90), that were used as a reference population. The KORA population is a random sample of the KORA survey S4 (1999/2001).
lations from the HapMap Project [13] are suggested as reference populations for the selection of tagging SNPs in association studies. The European patterns within this project are represented by 30 trios from a US Utah population of Northern and Western European ancestry (CEPH samples, [14] ). However, the general applicability of the HapMap data has to be confirmed by samples from several local populations.
The aim of the European LD study is to compare the LD patterns in several distinct European populations. Four genomic regions (in total 749 kb) containing candidate genes for different complex traits have been analyzed. Individuals were genotyped for markers that are evenly distributed with an average spacing of 2 -4 kb in eight population-based samples from ongoing epidemiological studies across Europe plus the CEPH trios of the HapMap project.
In general, a conservation of the LD patterns across European samples could be observed. Nevertheless, shifts in the position of boundaries of high LD regions could be demonstrated between populations, when assessed by a novel procedure based on bootstrapping. Transferability of LD information among populations was also tested. In two of the analyzed gene regions, tagSNPs selected in the HapMap CEPH trios performed surprisingly well in all local European samples. However, significant variation in the two other gene regions predicts a restricted applicability of CEPH derived tagging markers. Simulations based on the observed data sets show the extent by which further gain in tagSNP efficiency and transferability can be achieved by increased SNP density.
Conclusion and Outlook
In recent years, there has been a debate over the impact of population stratification on genetic association studies [15, 16] . It has been shown, that the difference between distinct populations constitute only 3 -5 % of the overall genetic variation among individuals [17] . Thus, the within-population differences among individuals accounts for the vast majority (93 -95 %) of genetic variation. Nevertheless, stratification cannot be eliminated in real case-control studies. Even small effects of population stratification can lead to false positive results, especially in studies with large sample sizes, where the power to detect small effects is increased. To avoid this problem, family-based study designs have been proposed. Using non-affected family-members as controls rules out the possibility of population stratification. However, these designs have stronger sampling requirements, are therefore more expensive and lack power to detect small effects.
Since there are methods to detect and control for population stratification, there is no need to abandon case-control studies.
KORA samples have been used to answer crucial questions regarding population genetics: Is there genetic differentiation between Northern German and Southern German populations? How big is the influence of a possible population stratification on case-control studies? Do European populations differ with respect to LD patterns, haplotype blocks and tagging SNPs?
The last question has already been answered: For most gene regions, LD patterns are conserved, although LD structures vary in certain chromosomal regions. These findings have to be considered in the fine-mapping of genes in different populations in the future.
Altogether, the answers to these questions close the gap in one's knowledge on population structure in Germany and Europe. Samples from KORA S4 have already been used as universal controls for case-control studies. Since further use is promoted, information on population substructure and genetic patterns in the population will play an important role in future study planning. Fig. 3 Partitioning of DNA sequence into 3 haplotype blocks, defined by high Linkage Disequilibrium (LD) between pairs of SNPs, separated by recombination hot spots. In each block, the information of all occurring SNPs can be reduced to several tagSNP. Combination of tagSNP characteristics (black and grey lines) define common haplotypes.
